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Abstract
The Joint European Torus performed its second deuterium–tritium (DT) campaign at the end of
2021. This unique opportunity was exploited to carry out the first absolute measurement in a
magnetic confinement plasma of the total gamma-ray emission from the DT fusion reaction,
namely the less probable (branching ratio = 2.4 · 10−5) electromagnetic counterpart of the main
neutronic decay channel. A single line of sight gamma-ray spectrometer was employed for this
purpose. Numerous challenges had to be addressed in order to pursue the goal: (1) characterise
the detector beamline and its detection efficiency in absolute terms, (2) dealing with an extended
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and non-uniform source, (3) suppress the intense neutron background, (4) handle the high event
rate at the detector and (5) discriminate between signal and background in the acquired energy
spectrum. This paper describes the procedure adopted for measuring the total DT gamma-ray
yield of 96 DT plasma discharges with event rates below hundred kHz. The results were
validated through a comparison with the neutron yields provided by the Joint European Torus
neutron monitors, revealing an outstanding 0.983 linear correlation. This work proves the
feasibility to employ the gamma-ray emission of the DT fusion reaction as a secondary indicator
for measuring the fusion power in magnetically confined DT plasmas.

Keywords: deuterium–tritium reaction, fusion power, gamma-ray spectroscopy

(Some figures may appear in colour only in the online journal)

1. Introduction

In the next decades, the main progress toward electricity pro-
duction from nuclear fusion will be led by magnetic confine-
ment fusion devices like the tokamaks ITER [1, 2] and SPARC
[3]. Due to its higher probability to occur at lower temperatures
[4], deuterium and tritium (DT) is selected as the best fuel mix-
ture to pursue this goal in such magnetic devices.

The fusion yield is the total number of DT reactions
obtained during a plasma discharge and is a key performance
metric for current and future tokamaks. Presently, concern-
ing magnetic confinement fusion devices, the only direct tech-
nique available for measuring the fusion yield relies on abso-
lutely counting the 14 MeV neutrons produced by the D(T,
4He)n reactions. This standard technique is based on the com-
bined use of activation foils and fission chambers and requires
extensive in-situ calibration campaigns together with detailed
numerical Monte Carlo (MC) simulation of the entire reactor
[5–14]. Since neutrons can frequently interact with the envir-
onmental materials before being detected, changes around the
device affect the neutron signal, making it necessary to repeat
the calibration campaign after any environment variation.

According to the ITER nuclear regulator, two independent
methods are required for assessing the fusion power for safety
reasons.

In a DT fusion nuclear reaction, deuterium and tritium gen-
erate a 5He nucleus in its second excited state, which predom-
inantly decays from the resonance level (Jπ = 3/2+) to the
ground state of a 4He nucleus through the emission of the well-
known 14.1 MeV neutron. Alternatively, as shown in figure 1,
5He can decay radiatively to its own ground state (Jπ = 3/2−)
or to its first excited state (Jπ = 1/2−). In the former case, a
16.7 MeV gamma-ray (γ0 from now on) is produced while, in
the latter, a 12.5 MeV gamma-ray (γ1) is emitted before the
nucleus de-excites non-radiatively to the ground state:

2H + 3H → 5He∗∗ → 4He + n

→ 5He + γ0

→ 5He∗ + γ1.

The absolute measurement of these radiative branches emis-
sion could be used as a second direct method to measure the
fusion power. The limited amount of interaction channels by

which gamma-rays interact withmatter, in fact, make the abso-
lute calibration of gamma-ray measurements easier and less
dependent on the tokamak environment.

While the neutron emitting branch has an almost unit-
ary probability to occur, though, the branching ratio of the
two radiative channels is poorly known, thus preventing their
deployment as a mean for fusion power determination.

In the last half century, tens of attempts were conducted
to ascertain this value both in accelerator facilities or in iner-
tial confinement fusion experiments [15–22]. The measured
values vary within a factor of twenty, from 1.27 · 10−5 up
to 2.84 · 10−4, at least proving that the neutron branch is by
far the most probable channel. These large discrepancies are
likely due to difficulties in measuring this emission caused
by both the unavoidable intense 14 MeV neutron induced
background often overwhelming the weak gamma-ray signal
and the broad shape of the gamma emission lines, due to the
large intrinsic widths of the 5He lower energy levels, which
can also be interpreted as continuum for the α + n nuclear
system [23, 24].

This paper describes the first absolute measurement of
the total DT gamma-ray yield in a magnetic confined fusion
plasma carried out in 2021, which also led to the first
measurement of the DT gamma-to-neutron branching ratio
(2.4(5) · 10−5) in the same environment. The higher reliab-
ility of this measurement with respect to previous assess-
ments of the reaction branching ratio is discussed in the related
articles [26, 27].

At the time this experiment was conducted, due to the com-
plexity of handling tritium, the Joint European Torus (JET)
was the only tokamak capable of operating with tritium as
fuel and was carrying out the second DT experimental cam-
paign, the DTE2 [28, 29]. The aim of this work was to meas-
ure the total DT gamma-ray emission during the JET DT dis-
charges and proving that this absolute measurement can be
used to infer the fusion yield. JET was already equipped with
a single line of sight (LoS) gamma-ray spectrometer designed
for fast ions measurements [30–32] which was used for this
purpose.

For each discharge, the core principle adopted to meas-
ure the total gamma-ray yield Y relied on the analysis of the
detector pulse height spectrum (PHS) and the plasma emission
profile based on the formula:
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Figure 1. First energy levels of the 5He nucleus and its associated
decay scheme from the second excited state (dotted lines represent
the two γ0 and γ1 radiative transitions). Energy levels are referred to
the n+4 He state. Data are taken from [25], table 5.2.

YTAε= Cf → Y=
Cf
TAε

where:

• T is the transport factor, which takes into account both the
non-uniform plasma volumetric emission and the gamma-
rays optical transport toward the detector. It was determined
with MC simulations, semi-analytical codes and plasma
emission profile information derived from the JET neutron
camera,

• A is the gamma-ray transmission factor through collimat-
ors and attenuators, the most important of which is a neut-
ron attenuator located in front of the detector to suppress the
intense neutron background,

• ε is the detector gamma-ray detection efficiency, which was
determined with a novel technique based on the specific
detector employed for this purpose,

• C is the integrated number of counts in the PHS in an optim-
ised energy range defined as the region of interest (RoI),

• f is the fraction of DT gamma-ray events in the RoI.

Each of these five factors was carefully determined as
described in the next sections, which are organised as follows.
The experiment is presented in section 2, the acquisition of the
PHS and its integration C in the RoI are discussed in section 3,
the determination of f is explained in section 4 while T,A and ε
are treated in section 5. The results and their validation follow
in section 6 together with the discussion in section 7, before
terminating with the conclusions in section 8.

Figure 2. Schematic representation of the tangential gamma-ray
spectrometer line of sight geometry in the JET tokamak. The
poloidal cross section is presented in the top portion of the figure,
while a top-down view of the line of sight is shown in the bottom
half.

2. The experiment

During the DTE2, record fusion rates were achieved up to
4–5 ·1018 neutrons per second [33] and experiments were car-
ried out on different research topics.

Among other diagnostics, JET was equipped with three
cerium-doped lanthanum bromide (LaBr3) gamma-ray spec-
trometers to measure gamma-ray spectra above 1 MeV for
energetic ions studies [34]. Because of the advantages related
to its LoS geometry, the diagnostic selected to measure the
JET DT gamma-ray yield was the tangential gamma-ray spec-
trometer (TGRS). A tangential LoS, in fact, crosses the plasma
center twice and is less dependent on changes in the peripheral
area of the vessel with respect to a radial or vertical LoS.

This instrument consists of a cylindrical 3× 6 inches LaBr3
crystal coupled to a R10233 Hamamatsu PhotoMultiplier-
Tube (PMT) with 3.5 inch diameter, provided with an active
voltage divider for high energy and high counting rate meas-
urements in the range of MHz [30, 35]. The TGRS is loc-
ated about 20 m outside the vessel (as schematically shown in
figure 2), at the end of a horizontal, collimated LoS lying in the
equatorial plane, tangent to the inner vessel walls. Several ele-
ments contribute to collimate the gamma-rays: the main con-
tribution, starting from the plasma, comes from the vessel port,
the beamline cylindrical inconel supporting structure, two cyl-
indrical lead collimators and a rectangular hole in the concrete
bioshield. The LoS has a cross sectional area of about 300 cm2

at the tangent point with the inner vessel.
The other crystals [36] had a vertical LoS entering the

plasma vessel from above, shared with other diagnostics
with relative collimators and attenuators which would have
tampered the absolute measurements. Furthermore, unlike the
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Table 1. Used JET plasma discharges from the DTE2 divided into
sets depending on their JET pulse numbers (JPN, first column), the
fuel tritium percentage T is given in the second column, the third
and the last columns contain the average neutron rate Rn and total
neutron yield Yn in each set.

JPNs T (%) Rn /1015/s Yn /1016

99554-99 567 2.21 7.59 7.53
99571-99 580 1.54 3.60 5.40
99581-99 591 1.31 3.43 3.65
99655-99 677 4.45 5.01 5.90
99680-99 688 2.86 4.72 7.09
99696-99 744 1.97 4.92 7.39

TGRS, their acquisition systems were not optimised for the
DT gamma-ray measurement (section 3).

Cerium-doped LaBr3 crystals represent the state-of-the-art
of the scintillators technology for gamma-ray spectroscopy:
they feature the best energy resolution (<2.9% at 662 keV), a
short decaying time (<30 ns) and high light yield (63 photon-
s/keV) [37, 38]. Though, they manifest an intrinsic activity
due to the 138La isotope and unavoidable actinide impurities
which covers an energy range up to 3 MeV. At JET, because
of its moderate rate (about 700 events per second), this natural
activity did not represent a concern with respect to the signal
coming from the plasma. On the other hand, as explained in
section 4, the crystal detection efficiency to gamma-rays (ε)
was determined with a novel technique purposely developed
for this work which exploits exactly the LaBr3 intrinsic
activity [39].

LaBr3 crystals have an almost unitary efficiency both to
14 MeV neutrons and 17 MeV gamma-rays [40]. Given that
the gamma-to-neutron branching ratio is small, the gamma-ray
signal would have been overwhelmed by a neutron induced
background at least four orders of magnitude larger. If no
attenuation were used, based on simulations and previous
experimental campaigns, the neutron flux expected at the
detector would have been about 1010 events per second. Given
that a single event generates a waveform of about 200 ns in the
TGRS output signal, the expected event rate could have been
too high to allow for the identification of individual events
and perform absolute counting of theDT gamma-ray emission.
Therefore, it was mandatory to locate a neutron attenuator in
front of the detector.

Due to its properties, which are discussed in section 3,
this problem was addressed by installing a 93 cm long lith-
ium hydride (LiH) [41] attenuator inside the beamline, in front
of the detector. Though, because of an other source of back-
ground which will be discussed in section 3, a large num-
ber of plasma discharges presented excessive event rates mak-
ing it necessary to perform a selection on the usable plasma
pulses. Table 1 shows the list of the used discharges along with
information on the neutron yields and tritium concentration
associated to them.

As the measurement validation is concerned, the relation-
ship between the DT gamma-ray and the 14 MeV neutron
yields was exploited.

In 2021, JET was the only tokamak equipped with neut-
ron monitors capable of assessing the total 14 MeV neutron
yield through this standard technique providing a nominal 7%
uncertainty. These neutron yields were used to validate the
measured fusion power based on the gamma-ray measure-
ment. A linear correlation between the discharges gamma-ray
yield and neutron yield was expected in case of success of the
experiment, with the line slope corresponding to the gamma-
to-neutron branching ratio [26].

3. Spectrum acquisition

At JET, the neutrons produced inside the plasma and interact-
ing with the vessel walls produce a large number of gamma-
rays usually referred to as prompt-gammas. Being gamma-
rays, they travel across the neutron attenuator with small
intensity reduction and are finally detected by the TGRS as
well, resulting in an intense background in the spectrumwhich
covers energies up to about 10 MeV. Compared to the fusion
gamma-ray signal, on average, it was measured to be 103 times
more intense. This source of background limited the range of
DTE2 discharges for which high energy gamma-ray measure-
ments were possible.

The event rate at the detector for the selected dischargeswas
below 100 kHz. A standard trigger-based electronic instru-
mentation, as the one conventionally adopted for gamma-
ray spectroscopy, would have led to an unacceptably loss or
miss-parsing of events due to dead time and pile-up, render-
ing the absolute measurement of gamma-ray yield impossible.
This problem was addressed by upgrading the spectrometer
digitiser with a National Instruments, model NI5772, mod-
ule PXIe-7976 FlexRIO, previously used for runaway elec-
tron measurements by bremsstrahlung emission at ASDEX
Upgrade [42]. This system enabled continuous digitisation
throughout the discharge, eliminating dead-time issues typical
of trigger-based acquisition systems and allowing for off-line
parsing of the piled-up events. Amoderate sampling frequency
of 200MHzwas used to manage the large data amount per dis-
charge still allowing for a reliable data processing.

As highlighted in figure 3(which shows the sum of all
acquired spectra), the fusion gamma-rays are among the most
energetic particles emitted by the plasma, mainly covering the
upper part of the spectrum between 12 and 17 MeV. The latter
was selected as the RoI for the counts integrationC. According
to the performedMCNP [43] simulations (section 5.3), in fact,
at such high energies the scattered gamma-rays are negligible
compared to the direct ones (<1%), making the measurement
even less dependent on the tokamak environment.

The energetic side of the spectrum, though, is the one which
mostly suffers from distortions due to pile-up effect. The sig-
nal identification therefore heavily depends on the pile-up
identification capabilities.

The spectrometer data were analysed with a Python
program [44, 45] based a on dedicated pile-up recovery
algorithm. The program determines the gates containing
pulses with the time-over-threshold technique, where the
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Figure 3. Zoom on the high energy range of the sum spectrum of
all analysed plasma pulses. The spectrum is shown without any
pile-up correction (orange line) and with pile-up rejection (gray
line) in the plot above, between 5 and 25 MeV. The plot below
shows again the spectrum with pile-up regection (gray line) together
with the spectrum with non-degenerate pile-up correction (brown
line) and with degenerate pile-up correction (black line) in the plot
below, between 10 and 20 MeV.

threshold was customly defined based on the instrumental
noise. Piled-up events are identified in gates that last longer
than the standard duration of a single pulse.

The code can run in pile-up rejection mode, leading to the
gray curve shown in figure 3. When the rejection mode is on,
pile-up gates are simply discarded and only non-pile-up events
are used to populate the spectrum. The rejection of piled-up
events made it possible to recover the proper spectral shape of
the high energy side of the spectrum, as shown in the figure
(subplot a), leading to a signal shape compatible to the one
expected from theory.

Since an absolute measurement had to be performed,
though, the absolute number of events at the detector was
needed. Therefore, it was necessary to recover the piled-up
events by means of a piled-up recovery algorithm. When the
code is run in pile-up recovery mode, individual events are
detected by their inflection points, after having evaluated the
signal numerical second order derivative. Then, single events
are resolved as a linear sum of scaled reference pulses (brown
curve in the figure, subplot b). In the sum spectrum shown in
figure 3, pile-up recovery allowed to increase by 8.35% the
events in the ROI with respect to pile-up rejection.

Numerical benchmarking showed that the maximum count-
ing rate for the pile-up recovery algorithm is 2 MHz, if a 5%

failure is accepted, which was more than 40 times the rate of
the parsed plasma discharges.

When the events are closer than∼35 ns, though, the pile-up
correction algorithm can be unable to correct or even identify
the occurrence of pile-up, leading to what is known as the
degenerate pile-up effect. In order to correct for this effect, a
further algorithm was developed and implemented in Python
[46]. The algorithm is directly applied to the PHS and corrects
for the degenerate pile-up distortion based only on the spec-
trum acquisition time and two assumptions: (1) the events fol-
low a Poisson distribution, (2) each time two events overlap,
they result in the spectrum as a single event having as amp-
litude the sum of the overlapping pulses amplitudes.

In the sum spectrum shown in figure 3, the degenerate pile-
up correction lowered the events in the ROI by 9.98% with
respect to the pile-up recovery events, thus getting very close
to the pile-up rejection spectrum.

The two pile-up handling codes were tested both on real
and synthetic data, resulting capable to provide reliable results
within the rates of the parsed discharges data.

Another problem which had to be dealt with while working
with high fluxes at the detector was the drift of the PMT gain.
PMT gain-drift is a well-known source of uncertainty in meas-
urements at high counting rates. An active basewas installed to
help with this problem. During the DTE2, though, such intense
event rates caused significant reductions (up to 10% at some
hundreds kHz) in the PMT gain despite the active base, pro-
ducing heavy spectral degradation if no countermeasures were
taken.

The problem was addressed by placing a light emitting
diode (LED) pointing direct to the PMT photocathode. The
LED was operated to generate reference light pulsed with
a fixed frequency of 10 kHz and an equivalent energy of
9.25 MeV [42].

Based on the LED pulses periodic occurrence, they were
identified and used to monitor the PMT gain fluctuations
allowing to correct for its drift. An example of drift correc-
tion is shown in figure 4. After gain drift correction, the LED
pulses were eventually removed from the spectra.

Once all spectra were corrected for pile-up and PMT gain-
drift related effects, the number of integrated events C was
computed as the sum of the bin entries in the PHS between
12 and 17 MeV. The uncertainties associated to C were both
statistical and due to the degenerate pile-up correction, as
described in the related paper [46].

4. Spectrum analysis

The acquired spectrum was energy-calibrated using four
prompt-gammas lines emitted from neutrons interactions with
nickel and chromium, which were present in the alloys com-
posing the vacuum vessel and some structures along the
detector beamline. Namely:

• inelastic scattering with 58Ni (1.454 MeV),
• capture by 58Ni (8.53 MeV),
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Figure 4. Example of photomultiplier-tube gain-drift correction on
JPN 99 608, between seconds 46 and 48. Zoom in the energy region
around the LED pulses, which were finally removed from the
spectrum.

• capture by 58Ni (8.998 MeV),
• capture by 53Cr (9.719 MeV).

These structures were fitted as Gaussian functions with a linear
background and their centroid parameters used as the peaks
positions.

In order to take into account the non linearity of the acquis-
ition response and to improve the calibration reliability in
the high energy range, the γ0 emission was used too to per-
form a quadratic calibration. Its expected signal shape was
used for the fit to extrapolate its channel position. Given the
low signal-to-noise ratio of most of the discharges in the RoI,
though, this calibration could be performed only on the sum-
spectrum of all PHS once they were linearly calibrated using
the prompt-gammas lines. A small quadratic term of about
10−5 was found, corresponding to an upward scaling of the
energies approximately equal to 1.5% at 17 MeV. Each single
PHSwas then quadratically-calibrated according to this result.

Throughout the energetic calibration of the spectra, it was
possible to neglect the thermal and beam-plasma shift of
the source energy (10 keV and ∼100 keV), being smal-
ler than a single PHS bin width (approximately 250 keV).
Figure 5 shows the quadratic calibration performed on the
sum-spectrum, highlighting all the used lines and structures.

All events in the spectrumRoI can be attributed to either the
signal (γ0 or γ1 transitions) or the background components. It
is crucial for the determination of the DT gamma-ray yield to
attribute the intensities of these components accurately. Given
the broad spectral shape of the two radiative transitions, par-
ticular care had to be taken into their description to allow for
discrimination from the background.

The spectral shape of γ0 and γ1 transitions were computed
using the R-matrix technique [47] with the properties of the
5He energy levels presented in table 5.2 of [25]. The result-
ing spectral shapes were convolved with the detector response
function computed using MCNP, obtaining the curves shown

Figure 5. Energy calibration of the sum-spectrum. Pulse height
spectrum in the plot (a) with a zoom on the fusion peak in the insert
(b), in logarithmic scale. The Gaussian calibration curves are plotted
as thick orange lines. The quadratic calibration curve is shown in the
subplot (c).

in figure 6. The full-energy peak and escape peaks do sig-
nificantly overlap, as the γ0 and γ1 emission spectra were
already too broad even before accounting for the instrumental
response [27]. The detector response was also broadened with
a Gaussian function whose width parameter was taken equal
to 150 keV at 16.7 MeV, according to the detector energy
resolution, extrapolated from the calibration points Gaussians
widths. Simulations were also performed independently with
the GEANT 4 platform [48], providing compatible results
within 1%.

All possible detection processes which include, beside the
full-energy deposition, also the single and double escape peaks
and the Compton contribute to broaden the measured spectral
shape of γ0 and γ1, as shown in figure 6.

Regarding the background components, a first principle
description was not possible. Contributions due to concurrent
fusion reactions in the RoI from radiative decays such as pT,
DD, D3He or T3He were all excluded either by the expec-
ted spectral shape or due to their expected negligible yields
[25]. Radiative emissions from nuclear reactions between the
14 MeV neutrons and the LoS materials are the suspected
cause of most of the background. Unfortunately, the cross-
sections of these reactions are either unknown or known with
significant error bars for a detailed identification of the indi-
vidual processes contributing to the background.

This uncertainty prevented the identification of individual
contributions in the background, which was therefore mod-
elled using a combination of an exponential and a polynomial
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Figure 6. Spectral shapes of γ0 and γ1 sources as predicted
according to the R-matrix technique [47] with the energy levels
given in [25] are shown (in dotted lines) together with their
convolution with the detector response function (solid lines).

function. The analysis was performed on the sum-spectrum
data, in order to reduce the statistical deviations. Polynomials
of different degrees were investigated creating a set of possible
models to be fitted to data:

fn (E, p⃗) = p0 S0 (E)+ p1 S1 (E)

+ p2 exp(−E/p3)+
n∑

i=0

pi+4E
i

where:

• E is the energy,
• p⃗ is the vector containing all free parameters (the number of
free parameters is equal to n+ 4 where n is the degree of the
polynomial).

• S0 and S1 are the γ0 and γ1 spectral shapes.

These models were fitted to the data in the energy region
between 10 MeV and 20 MeV to best capture the exponen-
tial behaviour (that is predominant at the lower energy range)
and the polynomial behaviour present at the high end of the
range. The fits of the different fn models were compared using
the corrected Akaike information criterion (AICc) [49]. The
f 2 was found to be the best model with an AICc= 51.82.

According to the fit results (figure 7), in the region between
12 MeV and 17 MeV (which turned out to be the region with
the best signal-to-background ratio), the counts were attrib-
uted as follows: f0 = 43.3(10)% to the γ0 transition, f1 =
24.1(50)% to the γ1 transition and the remaining 32.6% to the
background components. As can be observed, the fraction f 1
of γ1 events is affected by a 20.7% uncertainty, finally result-
ing in the leading source of uncertainty on the total gamma-ray
yields.

With these factors, it was possible to compute the abso-
lute number of γ0 and γ1 signal events at the detector. In the

Figure 7. Fit on the sum spectrum of all selected discharges. The
data are shown as black dots with their statistical errorbars. The fit
components are shown as orange lines (solid for the total fit, dashed
for the background. The contribution of γ0 and γ1 are shown
separately as the two filled areas. The normalised residuals are
presented in the bottom section.

section 6 section, these events will be referred to as C0 = C · f0
and C1 = C · f1.

5. Rescaling factors

With the absolute number of events at the detector at hand, the
total DT gamma-ray yield could be determined by estimating
the transport, attenuation and efficiency factors.

This implied to go through four steps: (1) measure the
plasma DT gamma-ray emission profile, (2) describe the
gamma-rays transport from the source to the detector front
face, (3) quantify the attenuation due to the objects present
along the beamline and (4) asses the detector absolute
efficiency.

5.1. Gamma-rays emission profile

Since both 14 MeV neutrons and DT gamma-rays are emit-
ted from the same reactants, the DT gamma-ray emission was
considered to retain the same spatial emission distribution of
the 14 MeV neutrons, under the assumption that the gamma-
to-neutron branching ratio does not depend on the energy of
the reactants. In fact, at the energies achieved at JET in the
analysed discharges [26], DT reactions are strongly domin-
ated by the 5He second excited state resonance [18, 50, 51].
Furthermore, toroidal symmetry was assumed, allowing to
only seek for spatial information in a poloidal section of the
tokamak.

JET was provided both with neutron and gamma-ray cam-
era diagnostics [52]. Because of the too high particle fluxes,
though, the gamma-ray camera could not provide data for the
whole duration of the DTE2 campaign. This made it neces-
sary to use the neutron camera instead andmake the previously
mentioned assumption.

7
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Figure 8. Tomographic reconstruction of the DT emission profile of
JPN 99 740 based on the JET neutron camera data. The JET
poloidal section is shown overlaied together with the 19 neutron
camera lines of sight and some magnetic equilibrium surfaces.

The JET neutron camera is a diagnostic made of 19 NE213
liquid scintillator detectors (usually referred to as channels),
all lying on the same plane and divided into 10 channels in the
horizontal camera and 9 channels in the vertical one [53]. Each
detector collects a neutron PHS evolving in time. For each
analysed discharge, the events of each channel were integ-
rated both in energy (with a lower energy threshold to discard
scattered neutrons) and time (in the TGRS parsed time win-
dow), obtaining an array of 19 neutron yields divided into a
vertical and an horizontal profile.

Then, a tomographic inversion was performed on the data
to obtain the emission distribution in a poloidal section of the
vessel. The maximum likelihood-expectation maximisation
method was used to perform the inversion. In this algorithm,
the result is computed by an iterative formula which, start-
ing from the reconstructed profile and transporting the emis-
sion to the camera detectors, aims to reproduce the measured
data as closely as possible. The procedure is described in [54]
in detail. Information on the magnetic equilibrium are also
embedded by means of a moving window average of the sig-
nal over the magnetic flux surface. In this work, the smoothing
was applied every 2 iterations. The result was computed in a
40× 70 pixels emission matrix, in which every pixel has an
area of about 20 cm2. An example is shown in figure 8.

5.2. Gamma-rays transport

Once the source was obtained, the probability for a gamma-
ray born in the plasma according to that spatial distribution
to reach the detector had to be computed. This probability
will be referred to as the transport factor T. In principle, the
plasma profile changes during a single discharge and should
be determined at small temporal steps but, because of the too
low signal in the PHS, it was necessary to integrate the PHS

Figure 9. section of the tangential gamma-ray spectrometer line of
sight. The section is shown at the tangent point with the inner vessel
walls. At this point, the LoS is partially shielded by the vessel itself,
as represented by the gray area.

over large time windows and a single factor T was associated
to each spectrum.

Since an absolute measurement was to be performed, it
was necessary to characterise the geometry as best as pos-
sible. From the detector to the plasma, these were the objects
present along the LoS: the LiH attenuator (composed of LiH
discs and steel splitters), the KX1 x-ray diagnostic [55–57],
the concrete bioshield with its rectangular hole for the beam-
line, a vacuum-window made of steel and beryllium, the port
at the vessel entrance, which partially covered the LoS, and
the central column (which played a collimator role for the
plasma source points in the second half of the vessel). From
the bioshield to the vessel port, the LoS is contained inside a
12.2 cm radius inconel cylinder.

A code—named Linalytic—was implemented in Python
in order to compute the optical transport of the gamma-
rays. No attenuating effects were included, hence all attenu-
ators (namely: LiH attenuator, x-ray diagnostic and vacuum-
window) were removed, while the collimators were assumed
to be completely opaque to gamma-rays. The fraction between
the total emitted DT gamma-rays and the number of gamma-
rays reaching the detector front face represent the T transport
factor.

For each emission matrix pixel, the code constructs a tor-
oidal ring centered in the pixel center and divided into a certain
number of segments: the further the ring from the inner ves-
sel, the higher the number of segments. For each segment, the
probability of a particle born in its center to reach the detector
was computed quasi-analytically.

This means that the probability within the light region of
the ring was computed as the solution of an integral. For the
penumbra regions, the probability was computed numerically,
intersecting the projections of the collimators onto the detector
plane with the detector front surface itself. At last, the average
probability in each ring was computed. All details about this
code are given in [39]. Among other functionalities, Linalytic
can show the section of the LoS at the tangent point with the
inner vessel. The plot is shown in figure 9. As can be observed,
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Figure 10. Tangential gamma-ray spectrometer transport matrix.
Each entry contains the probability for a particle born in the toroidal
voxel passing through that pixel to reach the detector front face. The
JET poloidal section is shown overlaied together with the 19
neutron camera lines of sight.

the section is far from being circular because of all the collim-
ating objects presents along the beamline.

As a result, a transport matrix is obtained, whose entries
contain the probability for a gamma-ray born in the toroidal
ring passing through that point to reach the detector front face.
Its plot is shown in figure 10. The transport factor T is then
computed as the weighted average of all the probabilities as:

T=

∑
i pi eiVi∑
i eiVi

where i runs over the pixels, pi are the transport matrix prob-
abilities, ei the emission matrix entries and Vi are the volumes
of the toroidal voxels.

The transport was computed also with aMC simulation per-
formed with the MCNP platform for two reference discharges
(JPN 99 560 and JPN 99 608, selected as those with the most
different plasma emission profiles), in order to benchmark the
result. TheMC simulation included both the official, complete
geometry of the JET vessel and the detailed description of the
spectrometer and its beamline. For the comparison, in MCNP
all the attenuators were removed and all remaining objects
were set to be completely opaque to the particles. This led to a
discrepancy below 1% in T between the two approaches. This
has proven the collimating objects implemented in Linalytic
to be representative of the signal collimation. At last, accord-
ing to MCNP, the gamma-ray signal increases only by 5.4%
when the not-complete opacity of the collimators is taken into
account.

The transport factors computed with Linalytic for all
the analysed discharges follow a normal-like distribution
centered at 2.271 · 10−9, with a 2.45% standard deviation.
This deviation was used as an uncertainty representative of
the inaccuracies in the neutron camera measurements and

tomographic inversion. Each PHS was used in combination
with its emission profile transport factor.

In order to associate an uncertainty to the transport factor
parameter, beside this Gaussian width, an other source of
uncertainty was quantified by varying the toonable Linalytic
parameters and MCNP collimators geometry within their rel-
ative uncertainty, obtaining a further ∼4.5% variation on T.
Together, these uncertainties result in a total 5.12% uncertainty
on T.

5.3. Gamma-rays attenuation

During the DTE2, as stated before, an average flux of about
1010 particles per second was expected at the detector, with
about 105 times more neutrons than gamma-rays. Given
the detector unitary efficiency to both kind of particles, the
neutron-to-gamma-ray ratio would have remained the same
also in the output spectrum, leaving the gamma-ray signal
overwhelmed by the neutron induced background. Among
other possible attenuators, LiHwas the one which better suited
the purpose of reducing the neutron flux, leaving the gamma-
ray flux less affected as possible: the employed 93 cm of LiH
attenuator reduced the neutron flux by a factor of 3.89 · 10−4

and the gamma-ray flux of only 0.469.
MCNP was employed to compute the attenuation factor

A, which includes the attenuation of all materials within the
LoS together with the scattered gamma-rays component (less
than 1%). Since the interaction with the materials depends on
the energies of the particles at stake, two attenuation factors
were computed by integrating in the RoI: A0 = 0.140(6) for
γ0 and A1 = 0.116(3) for γ1, after having checked that their
differences among different emission profiles was negligible
(<0.7%).

The uncertainties associated to the attenuator factor were
computed by increasing and decreasing the thickness of the
steel slabs encapsulating the LiH attenuator by 0.4 mm.

5.4. Gamma-rays detection

As mentioned in section 2, LaBr3 scintillation crystals mani-
fest an intrinsic activity up to 3 MeV because of the 138La
isotope and 227Ac contaminations. The main feature of the
intrinsic spectrum is a composed peak centered at about
1470 keV, resulting from the electron capture of 138La into
138Ba, which is the isotope main decay channel, with a 65.2%
branching ratio [58]. Since 138La has an half life of 1.05 · 1011
years, it is possible to consider its activity a constant and use
this peak as a reference. Based on the natural abundance of
this lanthanum isotope, its half life and the crystalline structure
of LaBr3, a direct relationship is present between the crystal
volume and this peak intensity.

A novel technique was purposely developed to exploit this
relation in order to infer a LaBr3 crystal effective volume. By
matching its activity with MC simulations of the crystal itself,
it is possible to determine its volume, which is used in turn
in input to further MC simulations to extrapolate the detection
efficiency at higher gamma-ray energies. For the TGRS, the
volume resulted compatible with the nominal value provided
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by the manufacturer within 0.07%. The technique and its val-
idation are given in detail in [39].

For this work, an MCNP simulation was run including all
the objects along the LoS in order to include alterations in
the gamma-rays energy distribution from their emission to the
detection. The spectrum of the energy deposited in the crystal
per unitary source particle entering its front face was obtained
as the simulation output. Given that the counts C are integ-
rated between 12 and 17 MeV, also the detection efficiency
had to be integrated in the same RoI leading to two efficiency
factors: ε0 = 0.757 for γ0 and ε1 = 0.490 for γ1. Also in this
case, their differences among different emission profiles was
proven to be completely negligible.

6. Results

With all needed parameters at hand, the total gamma-ray yield
could be estimated for all analysed discharges. Because of
the two possible channels, the formula in section 1 had to be
slightly adjusted as:

Y=
C
T

(
f0
A0ε0

+
f1
A1ε1

)
where only C and T vary with different spectra. The aver-
age uncertainty obtained on the total gamma-ray yield was
22.3(7)%, with the main uncertainty contributions coming
from the background (71.00%) and γ1 (24.78%) fraction
of events identifications [26]. Assuming that the gamma-to-
neutron branching ratio did not vary within the energies at
stake in these plasma discharges, a linear relation with the total
14 MeV neutron yield would have worked as a validation of
these results.

As mentioned in section 1, JET is equipped with abso-
lutely calibrated neutron monitors which can provide the total
neutron yield with a nominal 7% uncertainty. As shown in
figure 11, a linear relation was in fact observed between the
measuredDT gamma-ray yield and the absolute neutron-yield.
Relative uncertainties on the neutron yield are taken to be
the nominal ones, while uncertainties on the gamma-ray yield
shown in the figure include all the estimated contributions. The
linear correlation was estimated with the Pearson correlation
coefficient ρ, which resulted to be ρ= 0.983.

Finally, the slope of the linear fit (2.4(5) · 10−5) corres-
ponds to the gamma-to-neutron branching ratio of theDT reac-
tion, resulting in the firstmeasurement of this physical quantity
in a magnetic confinement fusion reactor [26].

7. Discussion

The results shown in section 6 have proven the feasibility to
perform an absolute measurement of the total DT gamma-ray
emission in amagnetic confined fusion plasma, paving theway
for a novel direct method for the fusion yield assessment.

The average uncertainty on the total gamma-ray yield
(22.3%) is larger compared to the standard technique nom-
inal uncertainty achievable at JET (7%). Though, the neutronic

Figure 11. Total DT gamma-ray yield as a function of the total DT
neutron yield. The slope of this linear relationship corresponds to
the gamma-to-neutron branching ratio for the DT reaction.

method results from 40 years of experience, while the gamma-
based one has been attempted for the first time. Furthermore,
a pre-installed device was employed to perform this measure-
ment, leaving room for improvements in the case of employ-
ment of dedicated, optimised diagnostics in future magnetic
confined fusion devices.

Compared to the standard technique, this novel method
is practically unaffected by scattered particles. This makes
it independent on cross calibration with other diagnostics or
heavy simulations of the whole tokamak, potentially redu-
cing markedly the time required by the diagnostic calibration.
Furthermore, there would be no need to repeat the calibration
each time a variation happens in the tokamak surroundings.

At last, recent studies on the possibility to apply the method
for fusion power assessment at ITER shown that measure-
ments may be possible within the required uncertainty without
a need to use information on the plasma emission profile
[59], making the method completely independent on neutron
measurements.

8. Conclusions

JET performed the DTE2 campaign at the end of 2021. Thanks
to its unique capability of handling tritium, the first measure-
ment of the total DT fusion reaction radiative emission could
be performed.

This work presented the absolute measurement of the
total gamma-ray emission of the DT fusion reaction for 96
DTE2 DT discharges. A single LoS gamma-ray spectrometer
was employed for the purpose. Numerous challenges were
addressed to pursue this goal: (1) the 105 times more intense
neutron background was highly suppressed using a dedicated
LiH attenuator, (2) the high event rate at the detector was
handled with a stream-mode digitiser and ad-hoc implemented
Python codes to handle pile-up, including degenerate pile-up,
(3) the gamma-rays transport from the source to the detector
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was computed both with an analytical-numerical code and
MC simulations, (4) the source emission profile was obtained
through a tomographic inversion performed on the data col-
lected with the JET neutron camera diagnostics, assuming that
the gamma-ray emission had the same spatial distribution as
neutrons.

The resulting total gamma-ray yields had an average 22.3%
uncertainty and were validated by comparing them with the
14 MeV neutron yields provided by JET with a nominal 7%
uncertainty, revealing an outstanding linear correlation with
them (0.983 correlation coefficient).

In view of the potential use of this novel technique for
inferring the total fusion power in future experiments, the
uncertainties related both to the total gamma-ray yield and the
gamma-to-neutron branching ratio will have to be reduced.

Experiments are planned at DT beam-target facilities in
order to measure the branching ratio with a similar approach
(employing both LaBr3 detectors and LiH attenuator and also
taking advantage of the time-of-flight technique). Regarding
the achievable accuracy on the gamma-ray yield, studies are
under consideration regarding the possibility to optimise the
ITER radial gamma-ray set of spectrometers for measuring the
fusion power in high power DT scenarios.
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